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(57) ABSTRACT 

System and methods are provided for multi-path orthogonal 
recursive predistortion. The systems and methods may 
include generating a ?rst orthogonal signal and a second 
orthogonal signal, Where the ?rst and second signals are 
orthogonal components of an input signal and processing, at 
a ?rst predistortion module, the ?rst orthogonal signal and a 
?rst error correction signal to generate a ?rst predistorted 
signal. The system and methods may also include process 
ing, at a second predistortion module, the second orthogonal 
signal and a second error correction signal to generate a 

second predistorted signal, and providing the generated ?rst 
and second predistorted signals to a nonlinear device, Where 
the nonlinear device generates an output based upon the ?rst 
and second predistorted signals, Where the ?rst error cor 
rection signal is determined based upon an analysis of the 
output and the ?rst predistorted signal, and Where the second 
error correction signal is determined based upon an analysis 
of the output and the second predistorted signal. 
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SYSTEMS, METHODS, AND APPARATUSES FOR 
MULTI-PATH ORTHOGONAL RECURSIVE 

PREDISTORTION 

RELATED APPLICATION 

[0001] This application claims priority to US. Provisional 
Ser. No. 60/ 803,87 1, entitled “Systems, Methods, and Appa 
ratuses for Linear Polar Transmitters,” ?led on Jun. 4, 2006, 
Which is incorporated by reference as if fully set forth 
herein. 

FIELD OF THE INVENTION 

[0002] The invention relates generally to linear radio 
signal transmitters, and more particularly to systems, meth 
ods, and apparatuses for enhancing the performance of 
nonlinear devices using predistortion. 

BACKGROUND OF THE INVENTION 

[0003] Based on the frequency spectrum of the nonlinear 
device output, the even-order distortion signals are found far 
from the fundamental signal so that they may be easily 
?ltered out. On the other hand, the odd-order distortions are 
located very close to the fundamental so that it may be 
extremely hard to ?lter them out. Predistortion (PD) linear 
iZation has been proven to be an effective technique for 
reducing interrnodulation distortion in nonlinear devices, 
such as poWer ampli?ers, mixers, frequency multipliers, 
optical transmitters, and the like. Predistortion simply 
involves the creation of a distortion characteristic that is 
precisely complementary to the distortion characteristic of 
the nonlinear device, and cascading the tWo to ensure that 
the resulting system has little or no input-output distortion. 

[0004] FIGS. 1A and 1B shoW tWo conventional 
approaches for the predistortion lineariZation of a PA that is 
a representative nonlinear device in a radio signal transmit 
ter. In particular, FIG. 1A illustrates forWard reference 
predistortion While FIG. 1B illustrates recursive reference 
predistortion. 
[0005] The forWard reference predistortion approach 
shoWn in FIG. 1A generally extracts the PA nonlinear 
characteristics by comparison of the input x(t) and the output 
y(t), deriving the pre-inverse function F{'} using time 
consuming iterative methods to minimize the error. It is done 
by a digital signal processing (DSP) operating in conjunc 
tion With a look-up table. A complication of the predistortion 
approach of FIG. 1A is due to the phenomenon of memory 
effects in a PA. Memory effects are knoWn as a serious 
impediment to predistortion lineariZation. Memory effects 
cause a hysteresis in the nonlinear transfer characteristics of 
a nonlinear device in response to past inputs. While deter 
ministic, the net effect on the predistortion system is to 
create an apparent uncertainty in its response, thereby intro 
ducing some error in the model used to predistort the 
nonlinearity. 
[0006] On the other hand, the recursive reference predis 
tortion approach shoWn in FIG. 1B derives the nonlinearity 
by using Z(t) as the reference for comparison, instead of x(t). 
Thus, the optimum predistortion function F{'} is given by 
the reciprocal of the complex gain function G{'}. The 
implementation of the reciprocal gain function is straight 
forWard and can be done in analog domain so that memory 
effects are inherently compensated for in real time. 
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[0007] The tWo predistortion approaches of FIGS. 1A and 
1B are based on the cascade predistortion on the same signal 
path, as shoWn in FIG. 2. In this case, it is intrinsically not 
easy to avoid cross disturbance betWeen orthogonal signal 
predistorters (OPDs) since predistortion for each orthogonal 
signal is performed in a composite form, and there are 
dif?culties to distinguish pure orthogonal signals and deal 
With predistortion on the same path. 

[0008] Accordingly, there is a need in the industry for 
deterministic predistortion lineariZation that avoids cross 
disturbance issues associated With conventional predistor 
tion. 

BRIEF SUMMARY OF THE INVENTION 

[0009] Embodiments of the invention may provide for 
multi-path orthogonal recursive predistortion systems, such 
as an analog linear polar transmitter. This transmitter may 
operate in a loW-poWer mode and achieve greater bandWidth 
by feeding the loW-frequency even-order distortion compo 
nents (i.e., the deviation from linear gain) back. Moreover, 
the distortion components may not be added to the input 
signal as feedback, but rather may be used to predistort the 
input signal in a multiplicative manner, according to an 
embodiment of the invention. For example, the loW-fre 
quency even-order distortion components may generate 
odd-order in-band distortion terms When they are multiplied 
by the fundamental signal. Thus, such architecture may be 
inherently more stable than conventional additive polar loop 
systems. 

[0010] According to an embodiment of the invention, 
there is a method for providing a multi-path orthogonal 
recursive predistortion. The method may include generating 
a ?rst orthogonal signal and a second orthogonal signal, 
Where the ?rst and second signals are orthogonal compo 
nents of an input signal. The method may also include 
processing, at a ?rst predistortion module, the ?rst orthogo 
nal signal and a ?rst error correction signal to generate a ?rst 
predistorted signal, and processing, at a second predistortion 
module, the second orthogonal signal and a second error 
correction signal to generate a second predistorted signal. 
The method may further include providing the generated 
?rst and second predistorted signals to a nonlinear device, 
Where the nonlinear device generates an output based upon 
the ?rst and second predistorted signals, Where the ?rst error 
correction signal is determined based upon an analysis of the 
output and the ?rst predistorted signal, and Where the second 
error correction signal is determined based upon an analysis 
of the output and the second predistorted signal. 

[0011] According to another embodiment of the invention, 
there is a system for multi-path orthogonal recursive pre 
distortion. The system may include a ?rst orthogonal signal 
and a second orthogonal signal, Where the ?rst and second 
signals are orthogonal components of an input signal. The 
system may also include a ?rst predistortion module that 
processes the ?rst orthogonal signal and a ?rst error correc 
tion signal to generate a ?rst predistorted signal, a second 
predistortion module that processes the second orthogonal 
signal and a second error correction signal to generate a 
second predistorted signal, and a non-linear device that 
receives that ?rst and second predistorted signals and gen 
erates an output based upon the ?rst and second predistorted 
signals, Where the ?rst error correction signal is determined 
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based upon an analysis of the output and the ?rst predis 
torted signal, and Where the second error correction signal is 
determined based upon an analysis of the output and the 
second predistorted signal. 

[0012] According to another embodiment of the invention, 
there is a system for multi-path orthogonal recursive pre 
distortion. The system may include a ?rst orthogonal signal 
and a second orthogonal signal, Where the ?rst and second 
signals are orthogonal components of an input signal, means 
for generating a ?rst error correction signal in order to 
predistort the ?rst orthogonal signal, and means for predis 
torting the ?rst orthogonal signal based upon the ?rst error 
correction signal. The system may also include means for 
generating a second error correction signal in order to 
predistort the second orthogonal signal and means for pre 
distorting the second orthogonal signal based upon the 
second error correction signal. The system may further 
include a non-linear device that receives that ?rst and second 
predistorted signals and generates an output based upon the 
?rst and second predistorted signals, Where the ?rst error 
correction signal is generated based upon an analysis of the 
output and the ?rst predistorted signal, and Where the second 
error correction signal is generated based upon an analysis 
of the output and the second predistorted signal. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING(S) 

[0013] Having thus described the invention in general 
terms, reference Will noW be made to the accompanying 
draWings, Which are not necessarily draWn to scale, and 
Wherein: 

[0014] FIGS. 1A and 1B illustrate conventional predistor 
tion architectures for forWard reference predistortion and 
recursive reference predistortion, respectively. 

[0015] FIG. 2 illustrates a cascade predistortion system. 

[0016] FIG. 3 provides for a multi-path orthogonal recur 
sive predistortion system, according to an embodiment of 
the invention. 

[0017] FIGS. 4A and 4B illustrate functional block dia 
grams of a polar transmitter system in accordance With an 
embodiment of the invention. 

[0018] FIG. 5 illustrates an amplitude error correction 
loop in accordance With an embodiment of the invention. 

[0019] FIG. 6 illustrates the phase error correction loop in 
accordance With an embodiment of the invention. 

[0020] FIG. 7 illustrates the amplitude modulation scheme 
in accordance With an embodiment of the invention. 

[0021] FIG. 8 illustrates the phase modulation scheme in 
accordance With an embodiment of the invention. 

[0022] FIG. 9A and 9B illustrates simulated poWer ampli 
?er (PA) characteristics Without predistortion and With pre 
distortion, respectively, in accordance With an embodiment 
of the invention. 

[0023] FIGS. 10A and 10B illustrates the simulated con 
stellation results of an EDGE signal Without predistortion 
(EVMrms: 15.6%, EVMpeak: 24.4%) and With predistortion 
(EVMrms: 3.4%, EVMpeak: 4.9%), in accordance With an 
embodiment of the invention. 
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[0024] FIG. 11 illustrates the simulated spectrum results of 
an EDGE signal (Pout_PDoff=2l dBm and Pout_PDon=26 
dBm), in accordance With an embodiment of the invention. 

[0025] FIG. 12 illustrates a prototyping platform for an 
illustrative polar transmitter architecture veri?cation, in 
accordance With an embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0026] The invention noW Will be described more fully 
hereinafter With reference to the accompanying draWings, in 
Which some, but not all embodiments of the invention are 
shoWn. Indeed, these inventions may be embodied in many 
different forms and should not be construed as limited to the 
embodiments set forth herein; rather, these embodiments are 
provided so that this disclosure Will satisfy applicable legal 
requirements. Like numbers refer to like elements through 
out. 

[0027] In accordance With an embodiment of the inven 
tion, FIG. 3 illustrates a multi-path orthogonal recursive 
predistortion system 300. In FIG. 3, the system 300 may 
maintain deterministic predistortion lineariZation, but may 
avoid cross-disturbance issues by performing the recursive 
reference predistortion of orthogonal signals on different 
paths. As illustrated, the system 300 includes a different 
predistortion path for each orthogonal input signal xk(t), 
k=l, 2, . . . , n, Which may include orthogonal components 

of an analog input signal. Each predistortion path may result 
in the generation of a predistorted input signal Zk(t), K=l, 2, 

. , n that may be provided to a nonlinear device 302. 

According to an embodiment of the invention, the nonlinear 
device 302 may include, but is not limited to, poWer ampli 
?ers, mixers, frequency multipliers, optical transmitters, and 
the like. Based upon the received predistorted input signals 
Zk(t), k=l, 2, . . . , n, the non-linear input device 302 may 
generate an output signal y(t), Which is recursively fed back 
to each predistortion path. 

[0028] The predistortion paths for the orthogonal input 
signals Will noW be described in further detail. According to 
an embodiment of the invention, the types of predistortion 
paths may differ depending on Whether a polar vector or 
Cartesian vector of orthogonal signals is utiliZed. For polar 
vectors, there may be at least one ?rst predistortion path 
associated With the amplitude component of the input signal 
and at least one second predistortion path associated With the 
phase component of the input signal. For Cartesian vectors, 
there may be at least one ?rst predistortion path associated 
With an in-phase (I-) component of the input signal and at 
least one second predistortion path associated With a 
Quadrature-phase (Q-) component of the input signal. 

[0029] Each predistortion path may include a respective 
orthogonal predistorter OPD and a respective orthogonal 
error detector OED, A variety of predistortion paths may be 
utiliZed Without departing from embodiments of the inven 
tion. For example, an orthogonal predistorter OPD1312 and 
an orthogonal error detector OED1304 may be provided for 
predistorting an orthogonal input signal xl(t). LikeWise, an 
orthogonal predistorter OPD2314 and an orthogonal error 
detector OED2306 may be provided for predistorting an 
orthogonal input signal x2(t). Similarly, an orthogonal pre 
distorter OPDk 316 and an orthogonal error detector OEDk 
308 maybe provided for predistorting an orthogonal input 
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signal xk(t). Finally, an orthogonal predistorter OPDn 318 
and an orthogonal error detector OEDn 310 may be provided 
for predistorting an orthogonal input signal xn(t). 

[0030] According to an embodiment of the invention, an 
orthogonal error detector OEDk, k=l, 2, . . . , n may compare 

a respective output signal yk(t), k=l, 2, . . . , n received from 
the nonlinear device 302 to a respective distorted input 
signal Zk(t), k=l, 2, . . . , n received from the orthogonal 

predistorter OPDk, k=l, 2, . . . , n. Based upon this 

comparison, the orthogonal error detector OEDk, k=l, 2, . . 
. , n may generate a respective orthogonal error signal ek(t), 
k=l, 2, . . . , n. For example, on the k-th path, the orthogonal 
error detector OEDk 308 may derive the orthogonal error 
signal ek(t) by a comparison of the output Zk(t) of the 
orthogonal predistorter OPDk 316 With the output yk(t) of 
the nonlinear device 302. The orthogonal error signal ek(t), 
k=l, 2, . . . , n may then be provided to a respective 

orthogonal predistorter OPDk, k=l, 2, . . . , n, Which 
determines the extent to Which the respective orthogonal 
input signal xk(t), k=l, 2, . . . , n should be distorted in 

generating a respective distorted input signal Zk(t), k=l, 2, . 
. . ,n. The distorted input signal Zk(t), k=l, 2, . . . ,n is then 

provided to the nonlinear device 302. Since the system 300 
in FIG. 3 uses a different path for each orthogonal signal 
xk(t), k=l, 2, . . . , n, it may be easy to ?lter out any other 
signal and improve the overall performance of the nonlinear 
device, such as linearity, efficiency, and the like. 

[0031] The analog orthogonal recursive predistortion lin 
eariZation approach described With respect to FIG. 3 may 
similarly be applied to linear polar transmitters, according to 
an embodiment of the invention. For example, embodiments 
of the invention may provide for linear polar transmitters 
that are based upon a polar modulation technique using tWo 
respective paths for amplitude and phase. The polar modu 
lation technique may enhance the battery life by dynami 
cally adjusting the bias level of the poWer ampli?er. Addi 
tionally, the analog orthogonal recursive predistortion may 
provide for a substantially instantaneous correction of 
amplitude and phase errors in a radio frequency (RF) poWer 
ampli?er (PA), thereby enhancing the linear output poWer 
capability and ef?ciency of the PA. Additionally, embodi 
ments of the invention may utiliZe even-order distortion 
components to predistort the input signal in a multiplicative 
manner, Which alloWs for correction of any distortion that 
may occur Within the correction loop bandWidth, including 
envelope memory effects. 

[0032] FIG. 4A illustrates a simpli?ed functional block 
diagram of an illustrative polar transmitter system 400 in 
accordance With an embodiment of the invention. As shoWn 
in FIG. 4A, the polar transmitter system 400 may include a 
baseband modulation & control module 402, digital-to 
analog converters (DACs) 404a and 404b, a phase modu 
lator module 406, an amplitude predistortion module 418, a 
phase predistortion module 420, an ampli?er poWer control 
(APC) module 410, a poWer ampli?er module 412, an 
amplitude modulation error detection module 414, and a 
phase modulation error detection module 416. During opera 
tion of the polar transmitter system 400, the baseband 
modulation & control module 402 may generate tWo 
orthogonal input signalsione representing the amplitude 
and one representing the phase of the input signal, Which are 
respectively provided to the digital-to-analog converters 
(DACs) 404a and 404b, respectively. The tWo baseband 
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digital input signals may be synchronized according to an 
embodiment of the invention. It Will be appreciated that 
While the tWo orthogonal input signals are associated With 
amplitude and phase, respectively, other embodiments of the 
invention may utiliZe l- and Q-components for a Cartesian 
system. Furthermore, other orthogonal input signals may be 
utiliZed as Well Without departing from embodiments of the 
invention. 

[0033] The analog amplitude signal xA(t) at the output of 
DAC 404a may be provided to the amplitude predistortion 
module 418 as the input amplitude signal. Likewise, the 
analog phase signal xP(t) at the output of DAC 40419 is 
provided to the phase modulation module 406 in order to 
upconvert the analog phase modulation signal xP(t) from a 
baseband signal to a RF signal rxP(t). The resulting input 
amplitude signal rxP(t) may then be provided to the phase 
predistortion module 420. 

[0034] The amplitude predistortion module 418 and the 
phase predistortion module 420 Will noW be discussed With 
respect to FIG. 4B, Which provides a more detailed func 
tional block diagram of the polar transmitter system 400 of 
FIG. 4A. As illustrated, the amplitude predistortion module 
418 may be a multiplier and the phase predistortion module 
420 may be a phase adder. According to an embodiment of 
the invention, the amplitude multiplier for amplitude pre 
distortion may be a Gilbert cell voltage multiplier, While the 
phase adder for phase predistortion may be a voltage 
controlled variable phase (VV P) shifter. 

[0035] Still referring to FIG. 4B, the amplitude modula 
tion error detection module 414 may include an attenuator 
428 With the attenuation of l/al, an envelope detector 
(EDET) 430, and an amplitude predistortion function 432. 
The phase modulation error detection module 416 may 
include an amplitude limiter 434 and a phase predistortion 
function 436. The poWer ampli?er module 412 includes a 
poWer ampli?er 424 having transfer function G{'}. In 
addition, the poWer ampli?er module 412 may additionally 
include one or more input matching (IM) circuits 422 and 
output matching (OM) circuits 426. The IM circuit 422 may 
provide for impedance matching at the input of the poWer 
ampli?er 424 While the OM circuit 426 may provide for 
impedance matching at the output of the poWer ampli?er 
424. 

[0036] As Will also be described in further detail beloW, 
the amplitude predistortion module 418 and the phase pre 
distortion module 420 may be operative to predistort the 
baseband amplitude signal xA(t) and the phase-modulated 
RF signal rxP(t), respectively. In particular, the amplitude 
signal input xA(t) may be predistorted by an inverse ampli 
tude error signal e A(t) from the amplitude modulation error 
detection module 414, producing an amplitude-predistorted 
signal ZA(t). As a result, the output Z A(t) may contain the 
fundamental term of the input xA(t) as Well as the inverse, 
odd-order inter'modulation distortion (IMD) terms of the 
output y A(t), such as third-order IMD, ?fth-order IMD, and 
the like. The inverse amplitude distortion terms may be used 
in the poWer ampli?er module 412 to compensate for the 
amplitude distortions of the PA output ry(t). 

[0037] To produce the inverse amplitude error signal e A(t), 
the amplitude modulation error detection module 414, and in 
particular the amplitude predistortion function 432, gener 
ally performs a comparison of the output Z A(t) of the 
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predistortion module 418 with the envelope-detected output 
yA(t) of the power ampli?er module 412. For example, the 
comparison of the output Z A(t) of the amplitude predistortion 
module 418 with the envelope-detected output y A(t) of the 
PA output ry(t) through a diode envelope detector 430 may 
be performed by a voltage divider. By dividing the signal 
Z A(t) by the signal y A(t), the odd-order distortion terms, 
which are located near to the fundamental term, are order 
down converted to the lower odd-order distortion terms. The 
inverse amplitude error signal e A(t) may include the inverse 
amplitude gain of the power ampli?er module 412. The 
inverse amplitude error signal e A(t) may also include low 
frequency, even-order intermodulation distortion terms, alle 
viating the required bandwidth of components operating in 
the amplitude error correction loop. 

[0038] Likewise, the phase-modulated RF signal input 
rxP(t) may be predistorted by an inverse phase error signal 
eP(t) from the phase modulation error detection module 416, 
producing a phase-predistorted RF signal rZP(t). As a result, 
the output rZP(t) may contain the fundamental term of the 
input rxP(t) as well as the inverse odd-order intermodulation 
distortion (IMD) terms of the output ryP(t), such as third 
order IMD, ?fth-order IMD, and the like. The inverse phase 
distortion terms may be used in the power ampli?er module 
412 to compensate for the phase distortions of the PA output 

[0039] To produce the inverse phase error signal eP(t), the 
phase modulation error detection module 416, and in par 
ticular, the phase predistortion function 436, generally per 
forms a comparison of the output rZP(t) of the predistortion 
module 420 with the amplitude-limited output ryP(t) of the 
power ampli?er module 412. For example, the comparison 
of the output rZP(t) of the phase predistortion module 420 
with the amplitude-limited output ryP(t) of the PA output 
ry(t) through a amplitude limiter 434 may be performed by 
a Gilbert-cell voltage multiplier. When relatively small 
amplitude signals are applied to the input ports of the 
Gilbert-cell voltage multiplier, it may behave as an analog 
multiplier. If the phase error of the inputs is in the vicinity 
of 90°, the average value of the output may be linearly 
proportional to the phase error. The inverse amplitude error 
signal eP(t) may include the inverse phase deviation of the 
power ampli?er module 412. The inverse phase error signal 
eP(t) may also include low-frequency, even-order inter 
modulation distortion terms, thereby alleviating the required 
bandwidth of components operating in the phase error 
correction loop. 

[0040] In FIG. 4B, the polar transmitter system 400 pro 
vides a lineariZation scheme to look at any changes of the PA 
output ry(t) and almost instantaneously predistort the input 
signal xA(t) and rxP(t). More speci?cally, the predistortion 
mechanism in accordance with an embodiment of the inven 
tion may utiliZe the predistorted signal toward the PA 424 as 
the reference for recursive predistortion so that the outputs 
e A(t) and eP(t) of modulation error detection modules 414, 
416 may be simply the reciprocal of the PA 424 transfer 
function G{'}. Accordingly, the calculation of the predis 
tortion function (e.g., PA 432, PP 436) may be performed by 
analog components. 

[0041] If the amplitude modulation (AM) and phase 
modulation (PM) paths are fully synchronized, then the PA 
424 input signal rZ(t), which comes from the multiplication 

Dec. 20, 2007 

of the transmitter input signal rx(t) with the inverse PA 
distortion signal e(t), may be de?ned as follows: 

= FXU) 1(1), 

where xA(t)and rxP(t) are the baseband amplitude input and 
the phase-modulated RF input, respectively. Likewise, e A(t) 
and eP(t) are the outputs of the predistortion function 
FA{'}432 for amplitude and FP{'}436 for phase, respec 
tively. 

[0042] As the system 400 of FIG. 4B may be based on 
polar modulation, the amplitude signal e A(t) and phase 
signal eP(t) of the inverse PA distortion signal e(t) may be 
calculated separately via the amplitude function FA{'}432 
and phase error predistortion function FP{'}436, respec 
tively. When up to third-order terms (k=2) in PA nonlinear 
components and a complex-form analysis are considered for 
simplicity, the output y(t) of the PA 424 may be described as 
follows: 

where G{'} is the PA 424 odd-order transfer function, F{()} 
is the predistortion function comprised of F A 432 and PP 436, 
and ak is the k-th complex coefficient of the PA 424 transfer 
function. As a result obtained from equations (1) to (4) 
above, a linearly ampli?ed RF signal al-rx(t) can simply be 
produced with this architecture, according to an embodiment 
of the invention. 

[0043] Amplitude Error Correction. The amplitude error 
correction loop, which includes the amplitude modulation 
error detection module 414, will be described with reference 
to FIG. 5. The inverse amplitude error signal e A(t) may be 
obtained by the comparison of the output ZA(t) of an 
amplitude predistortion module 418 (e.g., multiplier) and the 
output y A(t) of a diode-based envelope detector (EDET) 
430. Once the amplitude error signal e A(t) is obtained, it may 
be multiplied with the input amplitude signal xA(t) to 
produce the amplitude-predistorted signal Z A(t). This pro 
cess may be performed recursively. 

[0044] Phase Error Correction. FIG. 6 illustrates the phase 
error correction loop, which includes the phase modulation 
error detection module 416. As in the amplitude correction 
loop, the inverse phase error signal eP(t) is obtained from the 
comparison of the output rZP(t) of a phase predistortion 
module 420 (e.g., phase adder) and the amplitude-limited 
output ryP(t) of an amplitude limiter 434. Once the phase 
error signal eP(t) is obtained, it is added to the phase 
modulated RF input signal rxP(t) to produce the phase 








